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Retrieving accurate volcanic sulfur dioxide (SO2) gas emission rates is important for a
variety of purposes. It is an indicator of shallow subsurface magma, and thus may signal
impending eruption or unrest. SO2 emission rates are significant for accurately assessing
climate impact, and providing context for assessing environmental, agricultural, and
human health effects during volcanic eruptions. The U.S. Geological Survey Hawaiian
Volcano Observatory uses an array of ten fixed, upward-looking ultraviolet spectrometer
systems to measure SO2 emission rates at 10-s sample intervals from the Kı̄lauea
summit. We present Kı̄lauea SO2 emission rates from the volcano’s summit and middle
East Rift Zone during 2014–2017 and discuss the major sources of error for these
measurements. Due to the wide range of SO2 emissions encountered at the summit
vent, we used a variable wavelength spectral analysis range to accurately quantify
both high and low SO2 column densities. We compare measured emission rates
from the fixed spectrometer array to independent road and helicopter-based traverse
measurements and evaluate the magnitudes and sources of uncertainties for each
method. To address the challenge of obtaining accurate plume speed measurements,
we examine ground-based wind-speed, plume speed tracking via spectrometer, and
SO2 camera derived plume speeds. Our analysis shows that: (1) the summit array
column densities calculated using a dual fit window, are within −6 to +22% of results
obtained with a variety of other conventional and experimental retrieval methods; (2)
emission rates calculated from the summit array located ∼3 km downwind provide the
best, practical estimate of summit SO2 release under normal trade wind conditions; (3)
ground-based anemometer wind speeds are 22% less than plume speeds determined
by cross-correlation of plume features; (4) our best estimate of average Kı̄lauea SO2

release for 2014–2017 is 5100 t/d, which is comparable to the space-based OMI
emissions of 5518 t/d; and (5) short-term variability of SO2 emissions reflects Kı̄lauea
lava lake dynamics.
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INTRODUCTION

Sulfur dioxide (SO2) release is an important indicator of
volcanic activity, and high quality SO2 measurements inform
interpretations of volcanic processes and may signal impending
eruptions (e.g., Casadevall et al., 1987; Symonds et al.,
1994; Sutton and Elias, 2014). SO2 flux measurements are
also significant for accurately assessing climate impact (e.g.,
Robock, 2000) and provide context for understanding local
environmental, agricultural, and human-health effects. (Cronin
and Sharp, 2002; Delmelle et al., 2002; Carlsen et al., 2012; van
Manen, 2014; Tam et al., 2016). Emission rates for gasses such
as CO2, HCl, HF, and H2S can be estimated by quantifying the
volumetric concentration ratio of the species of interest to SO2
and then scaling this value with the measured SO2 emission rate
(e.g., Gerlach et al., 1998; Halmer et al., 2002; Aiuppa et al.,
2006; Mather et al., 2006). Thus, retrieving accurate volcanic SO2
emission rates is significant for a variety of purposes.

Kı̄lauea Volcano, on the Island of Hawai‘i, has erupted nearly
continuously since 1983. Changes in SO2 release have heralded
changes in vent location, eruptive character, and eruptive vigor
(Elias and Sutton, 2002, 2007, 2012; Patrick et al., 2016a,b, 2018).
Local SO2 impacts over the last 10 years have been significant:
farmers and ranchers have received Federal disaster assistance
due to financial losses (Patrick et al., 2013; Elias and Sutton,
2017), the cost of medical care for respiratory outcomes has
risen (Halliday et al., 2018), and public access to iconic areas
has been restricted due to SO2 hazards (Elias and Sutton, 2017).
In addition, local and regional atmospheric studies show that
Kı̄lauea’s contemporary degassing regime, though non-explosive,
has the potential to impact climate and weather (Eguchi et al.,
2011; Uno et al., 2013; Beirle et al., 2014).

To quantify volcanic SO2 release, ultra-violet (UV)
Correlation Spectroscopy, and more recently, Differential
Optical Absorption Spectroscopy (DOAS) have been used for
many years (Moffat and Millan, 1971; Millán and Chung, 1977;
Perner and Platt, 1979; Stoiber et al., 1983; Platt, 1994; Galle
et al., 2003). Typically, instruments are either passed beneath the
volcanic gas plume, or the instrument or an optical scanner is
used to scan across the plume from horizon to horizon (Chartier
et al., 1988; Andres et al., 1989; Sutton et al., 2001; Edmonds
et al., 2003; Galle et al., 2003, 2010). In each case, the SO2 load
is determined in a cross-section of the volcanic plume, then
multiplied by the plume speed (frequently approximated by wind
speed) to obtain SO2 emission rate.

Sulfur dioxide emission rate measurements at Kı̄lauea
Volcano began in 1979, facilitated by convenient access and
a good road located downwind of the summit and East Rift
Zone (ERZ) degassing sources (Figure 1; Sutton et al., 2001;
Elias and Sutton, 2002, 2007, 2012). Prior to 2008, regular road
traverses quantified the generally low levels (<600 tons per day
(t/d) and 1000 parts per million meters (ppmm)) of passively
degassing SO2 at the Kı̄lauea summit. However, in more recent
years, standard methods for quantifying the summit SO2 have
been complicated by two issues: very high SO2 column densities
(>10,000 ppmm) and very low altitude and ground-hugging
plumes.

Under prevailing northeasterly trade wind conditions, traverse
measurements were most easily performed on Crater Rim Drive,
which often intersected the plume less than 500 m from the
gas emission source. Since the onset of the summit eruption
in 2008 (Wilson et al., 2008) very high SO2 emission rates
have frequently been observed from the actively degassing
lava lake within the Overlook crater. The proximity of the
traverse to the emission source, combined with the high SO2
emission rates, leads to frequent, very high SO2 column densities
overhead (>10,000 ppmm). When such high column densities
are encountered, several assumptions commonly made when
evaluating DOAS or correlation spectroscopy measurements
of optically thin plumes become inaccurate, and specialized
methods must be applied (Millan, 1980; Kern et al., 2012; Fickel
and Delgado Granados, 2017). Traditional DOAS measurements
assume that the optical depth of the measurement is relatively
small, with only a fraction of the initial radiance absorbed, and
that the measured radiation has taken a straight path through the
volcanic plume (see section “Conventional DOAS Retrievals”).
Optically thick plumes introduce complex light paths for ground-
based radiance measurements, complicate radiative transfer,
exacerbate wavelength-dependent attenuation of the UV signal,
potentially lead to total absorption of incoming energy at certain
wavelengths, and interfere with the fitting of calibration cell
spectra to the collected atmospheric sample spectra.

Kı̄lauea’s topography poses an additional challenge in
quantifying summit emissions. Combined with the fact that
the volcanic gasses were emitted from a vent within a ∼100
m deep crater, the shield volcano’s gentle slopes and strong
trade winds often lead to very low altitude plumes. In fact, it
is common for the gas plume to extend all the way to ground
level. This makes application of scanning instruments for high-
time resolution SO2 emission rate monitoring difficult because
instruments placed downwind are often surrounded by gas and
therefore cannot properly determine the SO2 load. Low angle
scanning, as is required with a grounded or low altitude plume,
yields measurements that are subject to atmospheric effects that
plague low-angle viewing geometries (see Galle et al., 2003, for
details). Challenges in accurately identifying the plume height,
distance, geometry or speed for a low level dynamic plume
contribute to widely varying results, with minimal constraint for
realistically assessing results.

Difficulties in applying standard measurement techniques,
combined with the desire for high resolution SO2 emission
rate measurements, lead the U.S. Geological Survey’s Hawaiian
Volcano Observatory (HVO) in 2012 to install an array of
ten FLYSPEC spectrometer systems at the summit of the
volcano (Horton et al., 2006). These instruments are permanently
installed at a fixed distance of ∼3 km from the Overlook
Vent. They are in the predominant downwind direction and
are separated laterally by 250–880 m (Figure 2). They each
have a fixed, upward-looking view, with spatial information on
the plume overhead derived from the array’s layout rather than
changes in the instruments’ viewing geometry (as is the case for
traverse or scanning measurements).

The advantage of the array-based data over scanning data
is that the measurements are valid, even if the instruments are

Frontiers in Earth Science | www.frontiersin.org 2 December 2018 | Volume 6 | Article 214

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00214 December 14, 2018 Time: 17:16 # 3

Elias et al. Measuring Kı̄lauea SO2 Emission Rates

FIGURE 1 | Location of the main sources of SO2 gas release at the summit and East Rift Zone of Kı̄lauea Volcano from 2014 to 2017, with inset of vent locations on
the Island of Hawai‘i. The traditional road traverses (red lines) are located downwind of the outgassing sources during the dominant trade wind conditions (arrow).

FIGURE 2 | Location of 10-spectrometer upward looking FLYSPEC array downwind of the summit of Kı̄lauea (F0–F9), with station and instrument inset,
ground-based anemometers and UV camera used for approximating plume speed (blue), traverse route on Crater Rim Drive (red), 2014–2017 location of Hawaiian
Volcano Observatory and Overlook vent (yellow). Dominant trade wind direction indicated by arrow in upper left.

Frontiers in Earth Science | www.frontiersin.org 3 December 2018 | Volume 6 | Article 214

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00214 December 14, 2018 Time: 17:16 # 4

Elias et al. Measuring Kı̄lauea SO2 Emission Rates

surrounded by volcanic gas due to a grounded plume. Also,
the array’s 3 km distance from the vent makes for a more
dilute plume than for road traverses on Crater Rim Drive thus
allowing for quantification by DOAS or correlation methods.
One disadvantage of the fixed array is degraded spatial resolution
as compared to scanning or traverse techniques (see section
“Errors Due to Location of Plume SO2 Maximum Between Array
Sensors”). SO2 emission rates from Pu‘u ‘Ō‘o and other East Rift
Zone (ERZ) degassing sources are still determined by vehicle
traverses on Chain of Craters Road. As this road is 9 km from
the gas source, plumes are generally quite dilute at the point
of measurement and can therefore be accurately measured with
standard DOAS or correlation analyses.

Focusing mainly on Kı̄lauea’s summit area in this study, we
examine the SO2 emission rates determined by the FLYSPEC
array from 2014 to 2017. First, we review the novel and
conventional instruments and methods applied in this study and
discuss the major sources of error and uncertainty. Next, we
present our estimate of SO2 emission rates from the Overlook
vent, along with the uncertainty in these results. To address
the total SO2 degassing budget for Kı̄lauea Volcano, ERZ SO2
traverse measurements are also presented for the studied time
interval. Finally, we compare our summit results to independent
measurements using mobile and space-based platforms.

INSTRUMENTATION AND METHODS

Spectrometer Array
The FLYSPEC array is located about 3 km southwest of the
active summit vent, and it extends along an arc about 3 km
wide (Figure 2). Each instrument incorporates an Ocean Optics
USB 2000+ spectrometer fitted with a 74-DA collimating
lens (providing a field of view of 2.5◦), a low and high
concentration SO2 cell controlled by a servo motor, a GPS, and
a netbook computer that controls the measurements (Businger
et al., 2015). Column densities are retrieved on-site at each
station. As is standard procedure for FLYSPEC instruments, the
column amounts are retrieved by fitting the atmospheric sample
spectrum to the gas cell calibration spectrum over the wavelength
measurement window using the Levenberg-Marquardt least-
squares fit. This compares the SO2 optical depth of the overhead
plume with that of a known column density in the reference cells
(Moré, 1978; Elias et al., 2006; Horton et al., 2006).

The calculated column densities are telemetered to HVO at a
data rate of 1 Hz; the raw spectra are also stored should they be
needed for future analysis.

Each station calculates the overhead SO2 column density at
1 s intervals between 0830 and 1700 Hawaii Standard Time when
there is sufficient UV energy to obtain a reasonable signal-to-
noise-ratio year-round in Hawai‘i. The SO2 load (X) in the plume
cross section is then determined by summing the vertical column
densities measured by the individual stations (i), according to
equation 1:

X =
∑

i

Si ·1xi,i+1 (1)

where Si is the SO2 column density measured at station i and
1xi is the average distance between station i and the two adjacent
stations. Most stations are located ∼300–400 m apart to capture
the main features of the plume, which is typically between 1200
and 2800 meters wide and detected by 3–10 stations at any one
time. Emission rates are then calculated from the SO2 load (X)
in the plume cross section by multiplication with the wind speed
(Horton et al., 2012; Businger et al., 2015).

The array’s distance from the vent means that the plume is
significantly more dilute than when measured by road traverse
on Crater Rim Drive. This reduces the complexity of the DOAS
retrieval since the plumes are less opaque when crossing the array
than when passing over Crater Rim Drive. However, overhead
column densities more than 5,000 ppmm are still common.
Therefore, spectral analysis is performed using a dual fit window
(DFW) approach (see section “The FLYSPEC Dual Fit Window”
and Horton et al., 2012; Businger et al., 2015).

Under prevailing trade wind conditions, the array generally
spans the width of the plume, however, the processed emission
rates must meet specific criteria for a measurement to be reported
as valid. To assure that the plume is predominantly inside the
array arc, a minimum of seven spectrometers in the arc must
report valid column amounts, and the spectrometer at either
end of the arc must report < 350 ppmm. These conditions
consider the spatial resolution of plume features, and the diurnal
influence on signal-to-noise. If these conditions are met, the
plume direction is reported as the azimuth from the Overlook
vent to the FLYSPEC station reporting the maximum overhead
SO2 column density. A cosine correction is then applied to
account for non-perpendicular plume direction over individual
array segments.

Seasonal interruptions in the trade wind flow occur each
winter and less valid data is available from the array.

Mobile UV Spectrometer Instruments
In this study, two types of mobile instruments were used to
collect moderate resolution spectra of incident scattered solar UV
radiation. For one, we used a mobile DOAS instrument consisting
of an Ocean Optics spectrometer (either USB2000+ or SD2000)
connected to an upward-looking telescope with a fused silica fiber
optic cable. The spectrometers had an optical resolution of about
0.7 nm and recorded radiance in the 280–420 nm wavelength
interval. For traverse measurements, the telescope was mounted
on the outside of the vehicle (either car or helicopter), while the
rest of the instrumentation was placed inside. A laptop computer
acquired spectra with the Mobile DOAS software (e.g., Galle et al.,
2003). The other instrument was the standard mobile version of
the FLYSPEC described in section “Spectrometer Array” and by
Horton et al. (2006).

Calculating SO2 Column Densities From
UV-Spectral Data
Conventional DOAS Retrievals
The DOAS technique measures absorption of scattered solar
radiation as it passes through a volcanic plume. Different trace
gasses within the plume, and particularly SO2, have characteristic

Frontiers in Earth Science | www.frontiersin.org 4 December 2018 | Volume 6 | Article 214

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00214 December 14, 2018 Time: 17:16 # 5

Elias et al. Measuring Kı̄lauea SO2 Emission Rates

absorption cross-sections. This allows the selective detection of
individual plume components. In conventional DOAS retrievals,
quantitative measurements of column densities S are performed
by comparing the spectrum of incident radiation obtained from
the clear sky (I0) to that obtained from the volcanic plume (I).
The column density, or number of gas molecules per unit area
(c) along the effective line of sight of the instrument (L), can
then be obtained by inserting the measured spectra into the
Beer-Lambert-Bouguer law of absorption.

S =
∫

L
c · dl (2)

τ = ln
(

I0

I

)
=

∑
i

σiSi (3)

As the spectral optical depth τ and the absorption cross-sections
σi are both vectors, the column density is obtained by fitting
the absorption cross-sections of various trace gasses suspected
in the plume to the measured optical depth. This approach has
been shown to yield accurate trace gas column densities along the
instrument line-of-sight if (1) the optical depth is relatively small
so that only a fraction of the initial radiance is absorbed, and (2)
the measured radiation has taken a straight path through the area
of interest, in this case the volcanic plume (Perner and Platt, 1979;
Platt, 1994; Platt and Stutz, 2008).

Complications arise if either of these two conditions are not
met. If radiation is scattered within the volcanic plume, e.g., on
aerosols or water droplets, then the effective light path along
which the measurement is made may change. Though column
densities S can still be retrieved in this situation, these can no
longer be easily converted to average concentrations (Eq. 2)
or cross-sectional plume loads if the effective path length L
is unknown. Similarly, if a gas species in the plume absorbs
more than a few percent of the incident solar radiation, the
effective light path along which the measurement occurs begins
to vary with wavelength, becoming shorter for wavelengths at
which strong absorption occurs. This can lead to inaccurate
column densities (several factors to orders of magnitude error)
particularly when fitting uses the shorter wavelengths, where
stronger absorption occurs (Mori et al., 2007; Kern et al., 2010,
2012; Fickel and Delgado Granados, 2017).

Several techniques have been suggested to avoid the problems
associated with the complex radiative transfer effects (Mori et al.,
2007; Kern et al., 2010, 2012; Fickel and Delgado Granados, 2017).
The most straightforward method is to avoid measurements
in conditions with very high SO2 column densities or high
plume opacities (e.g., condensed plumes). This consideration
was fundamental in determining the optimum location of the
spectrometer array (Businger et al., 2015), which is close enough
to capture short time-variations in the outgassed plume but
avoids very high SO2 column densities.

When UV-spectroscopic measurements of optically dense
plumes are evaluated with conventional DOAS approaches, the
retrieved SO2 column densities have been found to depend on
the wavelength range in which the spectral fitting is performed
(Mori et al., 2007; Kern et al., 2010, 2012; Fickel and Delgado

Granados, 2017). This is problematic, as the actual amount of
SO2 in the instrument’s viewing direction should not depend
on the wavelength of light that is being measured. Instead,
this is an indication that the conventional DOAS model does
not adequately describe the physical processes governing the
scattering and absorption of UV radiation between the sun and
the instrument. A more sophisticated model is needed.

Variable Wavelength Fit Windows
Conventional DOAS retrievals assume a linear relationship
between optical depth and column density. This relationship
breaks down for high optical depths if the spectrometer does
not fully resolve the spectral absorption features, as is typically
the case for miniature DOAS spectrometers and most target
gas species. Fortunately, in the case of SO2, strong absorption
can be avoided. Since the magnitude of the SO2 absorption
cross-section decreases rapidly toward wavelengths longer than
300 nm, moving the range in which the spectral analysis is
performed (i.e., the ‘fit window’) toward longer wavelengths
decreases the considered optical depth of SO2 absorption.

Several algorithms have been suggested to take advantage of
this circumstance. When analyzing data collected close to the
fumaroles at Poas Volcano in Costa Rica, de Moor et al. (2016)
dynamically adapted the lower end of their DOAS fit window
to avoid SO2 optical depths greater than 0.1. In this study, we
considered this same approach, which we call ‘Sliding Lower
Fit Bound’ (SLFB), in comparison to other retrieval methods.
The SLFB algorithm first performs a conventional DOAS SO2
retrieval in the 307 to 340 nm wavelength range. If the derived
SO2 optical depth exceeds 0.1 in this window, the lower bound of
the fit range is increased by one tenth of the total width of the fit
window (3.3 nm in this case), and the fit is performed again on
this new window. This process is repeated until the fit returns an
SO2 optical depth below 0.1, at which point the retrieved column
density is saved as the final fit result. To ensure that the number of
pixels included in the fit always remained adequate to distinguish
between the absorption features of SO2 and ozone (O3), the lower
fit bound was not allowed to exceed 319 nm. The few spectra that
did not return an optical depth below 0.1 with the 319 nm lower
bound were omitted from the analysis. The algorithm aims to
avoid high optical depths associated with SO2 absorption while
at the same time allowing for high sensitivity at times when low
SO2 loads are present in the instrument’s field of view. Fickel and
Delgado Granados (2017) used a similar approach and suggest
using one of three partially overlapping fit windows, with the
choice of window depending on the SO2 column density derived
in each.

The FLYSPEC Dual Fit Window
FLYSPEC instruments operate much the same as any other
DOAS instrument but instead of fitting an SO2 absorption cross-
section taken from literature, each FLYSPEC records its own SO2
absorption cross-section. This is achieved by inserting calibration
gas cells of known SO2 concentrations into the light path and
recording the instrument response. To account for any first-order
changes in instrument response while operating in a range of
typical SO2 column densities, two gas cells with different SO2
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concentrations are measured – one with about 400 ppmm (low
cell) and one with around 1500 ppmm (high cell) (Horton et al.,
2006).

The SO2 retrieval used for operational analysis of FLYSPEC
array data since 2014 at HVO is then very similar to the variable
wavelength windows described above. The FLYSPEC ‘Dual Fit
Window’ (DFW) approach selects the evaluation wavelength
range based on how the encountered SO2 optical depth compares
to that obtained when measuring the FLYSPEC calibration cells.
If the SO2 optical depth is less than that of the low cell, then a
fit window of 305 to 315 nm is used, and the low cell provides
the absorption cross section for the fit. If the SO2 optical depth
is larger than that of the low cell (cellL), but smaller than that
of the high cell (CellH), then two fits are performed in the 305–
315 nm window, one using each of the cells as absorption SO2
cross section (Shigh and Slow), and the weighted mean of the two
results is calculated:

S(λ) = Slow(λ)∗
CellH − Slow(λ)

[CellH − Slow(λ)] + [Shigh(λ)− cellL]
+

Shigh(λ)∗
Shigh(λ)− CellL

[CellH − Slow(λ)] + [Shigh(λ)− cellL]
(4)

Finally, if the SO2 optical depth is greater than that of the high
cell, then a second fit window is added. The SO2 cross section
from the high cell is now fit to the measured optical depth in
both the 305–315 nm (short) fit window and in the 319.5–330 nm
(long) fit window, resulting in two SO2 column densities, Sshort
and Slong . If the long-fit window returns less than 1.5 times the
SO2 optical depth of the high cell, then a weighted average is
calculated between the two different fit results according to:

S = (1 − w)∗Sshort + w∗Slong (5)

with

w = (Sshort/CellH − 1)∗2 (6)

For SO2 column densities larger than 1.5 times that of the high
cell, the result from the long-fit window is used exclusively, with
the high cell acting as the SO2 reference cross section.

A logic diagram for selection of the FLYSPEC evaluation
window is included in the Supplementary Material.

Simulated Radiative Transfer DOAS
To avoid strong SO2 absorption, column densities can be
measured at greater downwind distances and/or the fit
wavelength range can be adjusted. However, these strategies do
not account for signal dilution caused by radiation entering the
field of view between the plume and the instrument or in-plume
scattering on aerosols or condensed water droplets (Kern et al.,
2010). At Kı̄lauea’s summit, signal dilution is likely a minor
concern since the plume is typically within 10’s of meters of
the ground, and all the measurements we are reporting were
performed in a zenith-looking geometry. In-plume scattering,

however, could cause inaccuracies in SO2 retrievals, particularly
when the measured plume is visibly opaque. An approach called
Simulated Radiative Transfer DOAS (SRT-DOAS) was developed
to deal with realistic radiative transfer in volcanic plumes (Kern
et al., 2012) and applied to dense plumes detected at Kı̄lauea’s
summit in 2010–2011. This method uses a three-dimensional
radiative transfer model to simulate the propagation of light
in and around an idealized volcanic plume and compares the
modeled spectra with measured ones. The best match between
measurement and model yields the plume properties, such as the
SO2 column density.

Simulated Radiative Transfer DOAS can account for complex
light paths in and around volcanic plumes, but also has drawbacks
when compared to the previously mentioned methods. SRT-
DOAS retrievals rely on the availability of a lookup table of
modeled spectra, which are computed by considering all possible
measurement conditions in a radiative transfer model. This is a
computationally expensive and time-consuming task. Typically,
the plume geometry and atmospheric conditions are kept
constant, while the plume SO2 loading and aerosol optical depth
are varied to reflect all possible combinations of these parameters.
The method is therefore limited to situations in which the
plume geometry and atmospheric conditions are reasonably
well constrained and constant during the measurement interval.
Errors in the initialization of these parameters can cause
systematic errors in the results. For these reasons, the method is
currently not used for routine analysis of DOAS data, but rather
only used in case studies where these external parameters can be
adequately constrained.

Long UV Wavelength SO2 Fit Window
Bobrowski et al. (2010) documented the use of a wavelength
range at the long end of the UV spectrum (360–390 nm)
specifically for examining plumes with high optical depths. We
utilize this window for evaluating the very large column densities
encountered during road traverses conducted along Crater Rim
Drive (section “Spectrometer Array”). This wavelength window
makes use of SO2 absorption lines stemming from the spin-
forbidden a3B2 ←X1A1 transition of the SO2 molecule which
are about two orders of magnitude weaker than the lines in the
standard DOAS 310–325 nm wavelength region. Therefore, this
retrieval window is insensitive to low SO2 column densities but
avoids strong SO2 absorption and is therefore less affected by
radiative transfer complexities in cases where extremely high SO2
column densities (e.g., >10,000 ppmm) are encountered.

Determining Plume Speed
Regardless of the type of spectroscopic retrieval method, the
plume speed is required to derive emission rates from cross-
sectional SO2 loads. In this study, three different methods were
employed to determine plume speed based on the location of data
collection.

Cross-Correlation Method
The spectrometer array was designed to allow continuous
monitoring during daylight hours of SO2 emission rates from the
Overlook vent. To determine wind speed, a single spectrometer
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station was positioned 100 m closer to the vent than the rest
of the array in the predominant trade wind direction (F0 in
Figure 2). Overhead SO2 column densities recorded every 10 s
by this station are used to determine plume speed using a cross-
correlation approach (Williams-Jones et al., 2006). A 10-min time
series of SO2 column density is generated every minute and is
compared to the 10-min time series recorded by station F1, 100
m downwind. Examining the time lag between the two stations,
the maximum cross-correlation between the time series is sought,
which is representative of the time it takes for plume features
to pass from station F0 to F1. The plume speed can therefore
be determined by dividing the 100-m distance by the derived
time lag.

Next, a quality filter is applied to the derived plume speeds
to ensure that only valid data are reported. The plume speed is
deemed valid if (1) the peak of the plume is recorded within the
central part of the array (stations F1–F7), (2) stations F0 and F1
recorded column densities above the detection limit during at
least 3 of the last 10 min and, (3) the calculated plume speed is less
than twice that measured by a nearby anemometer (SDH Station,
see next section). If any of these conditions are not met, the
nearby anemometer wind speed is used to determine the emission
rate.

Anemometers
When volcanic gas is passively released into the atmosphere,
it quickly mixes with background air and travels together
with surrounding air parcels. Therefore, wind speed can be
an appropriate measure for plume speed in these situations.
Although it is not usually possible to measure wind speed at
the precise location of the plume using conventional methods,
anemometers near ground level can provide useful information,
particularly during times when other wind data are not
available, or the plume is grounded. Gill ‘Windsonic’ ultrasonic
anemometers are located 3 m above ground level (agl) ∼0.8 km
north of the Overlook vent (station NPT) and the FLYSPEC array
(station SDH). RM Young propeller and vane style anemometers
are located 10 m agl on the north side of HVO on the rim
of Kı̄lauea Caldera (station OBS, Figure 2). Measurements
from these instruments are compared with other methods for
determining the wind speed.

Plume Speed From SO2 Camera Imagery
Time-resolved imagery of volcanic plumes can also be used to
derive plume speeds. During the period of this study, HVO
maintained an SO2 camera on the southeast rim of Kı̄lauea
Caldera (Kern et al., 2015). Aimed at the Overlook vent, this
camera records UV images of the plume at two 10 nm-wide
wavelength channels centered at 313 and 330 nm. Images are
recorded every few seconds, with repeat intervals depending
mostly on telemetry network latency. These images are used
to derive SO2 optical depths and, in combination with plume
speeds measured by an optical flow algorithm, determine the SO2
emission rate at high time resolution (e.g., Mori et al., 2006; Bluth
et al., 2007).

Several studies have examined potential error sources in wind
speed determination using optical flow models (Peters et al.,

2015; Klein et al., 2017; Gliß et al., 2018). Thus, for the case
studies presented here, plume features in the SO2 camera imagery
were manually tracked to calculate plume speed. A sequence
of images was loaded for each period in question. In each
sequence, prominent plume features were identified, and their
movement was tracked through the sequence. The horizontal
pixel displacement was calculated by simple differencing of
subsequent feature pixel positions, and the pixel velocity was
determined by dividing the displacement by the time difference
of the respective images. The pixel velocity was then converted to
an apparent plume speed (perpendicular to the camera’s viewing
angle) by multiplying the pixel velocity and pixel size at the
distance to the plume (approximately 0.75 m, see Kern et al., 2015
for details).

In a final step, the derived plume speed was adjusted to
account for potentially non-perpendicular viewing geometry.
Each instance in which the SO2 camera imagery was used to
determined plume speed corresponds to a coincident vehicle
traverse performed on Crater Rim Drive. The wind direction
was determined by fitting a Gaussian curve to the progression of
SO2 column densities measured while traversing the plume, then
calculating the direction from the vent to the peak of this curve.
Multiplication of the camera-derived plume speed with the sine
of the wind direction minus the camera viewing direction yielded
the corrected plume speed.

Given that this is a direct observation of the plume
propagation, this method is deemed to be accurate for
determining plume speed above the Overlook vent. However,
various parts of the plume move at slightly different speeds.
Therefore, the procedure was repeated 4 times for every
measurement period, and the mean and standard deviation of
each value are reported below.

The SO2 camera relies on imagery taken in only 2 wavelength
channels (on SO2 band at 313 nm and off SO2 band at 330 nm)
to derive the SO2 column density of the plume. Recent findings
suggest that this limited spectral information is not sufficient
to obtain an unambiguous calibration in cases where plumes
with high SO2 loading and aerosol optical depth are encountered
(Kern et al., 2013). In such situations, a collocated DOAS
spectrometer can provide image calibration information, but this
procedure relies on the same spectral retrieval methods used in
our comparative study. Thus, a comparison of SO2 camera and
array derived emission rates is not presented in this study.

Uncertainty and Error Sources for
Spectrometer Array Derived SO2
Emission Rates
In the previous section, the methods used to evaluate data
from the fixed spectrometer array were described. To quantify
the uncertainty of our measurements, we now evaluate results
using different fit-windows, plume speed data, and traverse
measurement strategies.

The Impact of Fit Window
Several different spectral retrievals were introduced in section
“Calculating SO2 Column Densities From UV-Spectral Data,”
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each representing a slightly different method for determining
SO2 column density along the instrument line of sight from
the measured UV-spectral data. To test the sensitivity of the
array measurements to different spectral retrieval methods, we
performed a targeted experiment. On May 24, 2017, a mobile
DOAS instrument was collocated with the F0 spectrometer array
station. The DOAS telescope was mounted vertically on the
FLYSPEC antennae mast, pointing toward zenith. Spectra were
recorded from this stationary location at 1 s intervals between
12:49 and 14:46 local time.

The mobile DOAS data collection output format lends itself
to performing a variety of spectral analyses using existing
processing routines. Thus, we performed SO2 column density
retrievals on the collected (stationary) mobile DOAS data using
four different analysis methods. The evaluation parameters for
each method are summarized in Table 1 (also see section
“Calculating SO2 Column Densities From UV-Spectral Data”).
We ran conventional DOAS retrievals in two fixed-fit windows,
as well as a very long wavelength range specific for high column
densities (Bobrowski et al., 2010). Conventional DOAS retrievals
used the 310–325 nm window, which is the standard range
used for analyzing scanning DOAS data in the ‘Network for
Observation of Volcanic and Atmospheric Change’ (NOVAC)
network (Galle et al., 2010). For comparison, we added a
319–340 nm fixed window evaluation which is more suitable
for the large SO2 column densities encountered at Kı̄lauea’s
Overlook vent. This longer wavelength window has a lower
sensitivity to SO2, as it omits some of the strongest SO2
absorption lines. Therefore, the retrieval will have a reduced
signal-to-noise ratio for low SO2 column densities. The use
of a SLFB window mitigates this effect, and we ran an SLFB
retrieval in which the lower fit bound varied between 307
and 319 nm (see section “Variable Wavelength Fit Windows”).
An additional very long wavelength window (360–390 nm)
was used for evaluating data collected during vehicle traverse
measurements on Crater Rim Drive, where column amounts
often exceeded 2,500 ppmm. A fourth and final analysis of the
spectra was performed using an SRT-DOAS retrieval initialized
with the approximate geometry of the measurements (see
Table 1).

Figure 3 shows results of each spectral analysis method
plotted against results obtained from a coincident measurement
of FLYSPEC station F0 evaluated with the DFW technique.
The main sources of scatter in the data are (1) lack of time
synchronization between the upward-looking stationary mobile
DOAS and array station F0 (the available FLYSPEC data were
stored as 10 s averages, then interpolated to the 1 s measurement
interval of the mobile DOAS) and (2) a slight mismatch between
the viewing directions and viewing angles of the two instruments.
The discrete steps in the SRT results are artifacts caused by the
limited resolution of the lookup table.

Despite the scatter, linear regressions to each dataset reveal
slight systematic differences between the analysis methods.
Conventional DOAS retrieval in the 310–325 nm wavelength
window systematically yields 6% lower SO2 column densities
than the DFW method. All other methods return values slightly
higher than the DFW method, with the 319–340 nm DOAS

retrieval giving 22% higher values, the SLFB retrieval giving 19%
higher values, and the SRT-DOAS retrieval giving 21% higher
values on average.

The systematic difference between the methods is not
unexpected. The presence of aerosols in the plume overhead

TABLE 1 | Parameters defining SO2 retrievals compared in this study.

DOAS retrieval parameter Value

All evaluations

Spectral corrections Subtract dark current

Subtract electronics offset

Calculation of optical depth Divide by clear-sky or zenith
spectrum Logarithm

Analysis method: Fixed fit window retrievals

Fit wavelength ranges

Conventional DOAS 310–325 nm (constant)

Extended range 319–340 nm (constant)

Very extended range 360–390 nm (constant)1)

Fit references SO2 (Vandaele et al., 2009)

O3 (Bogumil et al., 2003)

Ring correction (Grainger and
Ring, 1962)

Wavelength calibration
correction (Beirle et al., 2013)

Polynomial (3rd order)

Analysis method: Sliding lower fit bound (SLFB)

Fit wavelength range 3072)–340 nm

Fit references Same as above

Analysis method: SRT-DOAS

Fit wavelength range 307–338 nm

Lookup table measurement geometry 600 m plume diameter, circular
cross-section with Gaussian
concentration profile

300 m plume height (to plume
center)

Plume SO2 column densities: 0
to 52,000 ppmm

Plume aerosol optical depths: 0
to 203)

Plume aerosol single scattering
albedo: 0.9

Zenith-looking instrument
located under plume center

Rayleigh atmosphere
surrounding plume

Additional fit references O3 (Bogumil et al., 2003)

Ring correction (Grainger and
Ring, 1962)

All spectral analyses were performed using MATLAB. The literature absorption
cross-sections were convolved with the mobile DOAS spectrometer instrument line
shape prior to performing the fit. 1)Analysis of SO2 in the 360–390 nm wavelength
range requires SO2 column densities larger than about 2,500 ppmm and was
therefore only performed on data collected during vehicle traverse measurements
on Crater Rim Drive, where the frequency of large column densities is greater. 2)For
each spectrum, the lower bound was increased until the optical depth in the entire
fit region was < 0.1. 3)A range of 0 to 1 was used for analysis of measurements
taken at the array, as this range was deemed representative of conditions in the
more dilute plume.
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FIGURE 3 | Coincident measurements of FLYSPEC station F0 and co-located
stationary upward looking DOAS instrument are analyzed to compare the
FLYSPEC DFW spectral analysis method with four different DOAS retrievals.
Linear regressions were fit to the results of each method and show systematic
differences are relatively small. A conventional DOAS analysis in the
310–325 nm window yields 6% lower values than the FLYSPEC DFW, while
the results of the other methods are between 19 and 22% higher than
the DFW.

causes a non-negligible contribution of complex light paths
to the radiance measured by the instruments on the ground.
Since, in this situation, the path of light through the plume
will depend to some degree on its wavelength, the various
retrievals will give different results based on which wavelengths
are used.

Retrievals using a broad fit window are dominated by the
shorter, strong absorption wavelengths. Thus, the SLFB retrievals

are nearly identical to the traditional DOAS fit window when
measuring low column amounts, even though the SLFB includes
wavelengths out to 340 nm. As column amounts increase, the
sliding fit window and DFW do a better job quantifying column
amounts than would a single broad fit window.

The SRT-DOAS method uses the wavelength-dependency of
the fit results to derive information on the radiative transfer
of the measurement, but it requires additional assumptions on
the conditions within and around the plume. For example, we
consider the plume to be 600 m wide with a circular cross-section
and a Gaussian concentration profile. Clearly this is an idealized
scenario, and actual conditions will vary, potentially skewing the
results. Therefore, an agreement of all methods within 22% of
the DFW method is considered a successful validation of this
method, and we consider other sources of uncertainty in the
emission rate calculation (e.g., wind speed) are likely of similar
or larger magnitude.

Based on these results, we consider the 1-sigma uncertainty of
the SO2 column density DFW results to be about 22%.

The Impact of Plume Speed Source on Calculated
Array Emission Rates
Obtaining an accurate plume speed is addressed by using
several methods for the summit vehicle traverse and array-based
emission rate measurements. When plume geometry does not
allow array-based plume speed calculations using the cross-
correlation technique, wind data collected 3 m agl, approximately
800 meters from the array mid-point (SDH station; Figure 2) are
used to derive array emission rates.

A plot of ground-based (SDH anemometer) wind speed, and
array-based (cross-correlation) plume speed for the time interval
of June – September 2017 yields a linear regression with a
22% difference for the two methods during representative trade
wind conditions (Figure 4). The error in the SDH ultrasonic
anemometer wind speeds is reported by the manufacturer

FIGURE 4 | Plume speed calculated from peak correlation using two along-axis FLYSPEC instruments versus 3-m agl wind speed measured with an ultrasonic
anemometer (station SDH; Figure 2) for June–September 2017. Data is filtered to include only plume speeds used to calculate emission rates (see section
“Spectrometer Array”).
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as ± 2% at 12 m/s, while the total uncertainty in the cross-
correlation plume speed determination for instruments separated
by 100 m is < 5% (Williams-Jones). For our configuration and
conditions, this error is expected to be larger due to imperfectly
synchronized computer clocks, indirect plume travel from array
station 0 to 1, and imperfect plume feature correlation by the
automated algorithm.

The difference between array plume speed and 3-m agl
anemometer wind speed is not unexpected given likely variability
of the vertical wind profile. Horizontal mean wind speeds
measured by the SDH anemometer are affected by friction and
surface roughness as air passes over the ground. Under moderate
trade wind conditions, the top of the plume typically reached
500–800 m agl (Patrick et al., 2018); thus, plume speeds tracked
by the array are expected to be somewhat larger, depending on
the altitude of the plume.

Errors Due to Location of Plume SO2 Maximum
Between Array Sensors
The track of the summit SO2 plume is quite predictable during
typical trade wind conditions. Stations located toward the
statistical center of the plume are spaced more closely together
(250–400 m), while the stations most likely to be at the edges of
the plume are spaced further apart (450–880 m). Strong winds
result in a narrow plume, and the plume’s core can fall between
adjacent sensors, particularly when the plume is located toward
the edges of the array where instrument spacing is greater. In
these instances, the peak of the plume can go undetected and
the shape of the plume is inaccurately captured, resulting in
an underestimation of the emission rate. The effects of this
issue can be seen in the comparison of the helicopter traverse
and array data (see section “Validation of Array Emission Rates
Using Other Measurement Strategies”). We estimate that under-
reporting of emission rate is most likely to occur during wind
directions between 0 and 20◦ and >50◦, which occurred ∼15%
of the time for our data set. Based on our case study, we estimate
the magnitude of the under-reporting of the emission rate is on
the order of 30–50% for data collected during periods when the
plume maximum falls between the sensors, but this will vary
depending on the location and width of the plume.

RESULTS

SO2 Emissions From Kı̄lauea Volcano
2014–2017
The SO2 budget for Kı̄lauea during this period includes emissions
from both the summit Overlook vent and the ERZ (primarily the
Pu‘u ‘Ō‘o vent). While SO2 release from the ERZ was dominant
from 1983 until the opening of the Overlook vent in 2008 (Elias
and Sutton, 2017), summit emissions were an order of magnitude
greater than those released from the rift during 2014–2017.
For historical context, the road-based SO2 emissions collected
downwind of the Pu‘u ‘Ō‘o vent are included here, although
they represent less than 10% of the total Kı̄lauea emissions for
the reported era. The ERZ SO2 values were all measured using
an upward looking mobile FLYSPEC ∼10 km downwind of the

gas emission source, where the plume is relatively weak and
homogeneous, with column amounts generally < 500 ppmm.
Thus, the complexities caused by very high plume optical depths
are not a factor for ERZ measurements.

Long-Term SO2 Output
Figure 5 presents the 10-s, daily-, and monthly mean SO2
emission rates calculated using summit FLYSPEC array
measurements. Averages are presented for days with at least
2 h of valid 10-s data, which reduces the likelihood of atypical
conditions influencing the average. Emission rates averaged
over a month used all valid 10-s values for the period. Emission
rates calculated using SDH wind speeds (<10% of the data
set) have been adjusted by +22% to account for the systematic
underestimation of the ground-based wind measurements for
plumes aloft (section “The Impact of Plume Speed Source on
Calculated Array Emission Rates”). The uncertainties in the array
values are based on the uncertainty in SO2 column amounts
(∼22%), plume speeds (∼5–30%), and underestimation due to
plume maxima occurring between sensors (30–40% -see section
“Errors Due to Location of Plume SO2 Maximum Between Array
Sensors”). These factors result in individual emission rate value
uncertainties of∼30–50%.

The average monthly Kı̄lauea East Rift Zone emission rates
are included in Figure 5B. Although a minor contribution to
total emissions, fluctuations in ERZ emissions are correlated with
notable changes in the eruption during the period of interest
(e.g., Global Volcanism Program, 2014). The emission rate data
presented in this paper are given in Elias et al. (2018).

For 2014–2017, Kı̄lauea released an average of 5100 t/d, or
1.9± 0.1 Tg/yr. This is consistent with the space-based OMI SO2
inventory performed by Carn et al. (2017), which ranks Kı̄lauea
as the second highest passively degassing SO2 producer (behind
Ambrym) for the period 2005–2015. Kı̄lauea emissions represent
8% of the total SO2 released from the 91 persistently degassing
volcanic sources consistently detected from space by OMI (Carn
et al., 2017).

SO2 Short-Term Variability Reflects Lava
Lake Dynamics
The short-term summit SO2 release is highly variable and
depends on the spattering or non-spattering condition of the
lava lake (Elias and Sutton, 2012; Nadeau et al., 2015; Patrick
et al., 2016a,b, 2017, 2018). Stagnant lake conditions resulted
in decreased SO2 release, while vigorous lake spattering was
reflected in increased SO2 emissions The SO2 signature is
consistent with lava lake fluctuations driven by cycles of activity at
shallow depth, close to the lake surface. The high resolution SO2
FLYSPEC array measurements have helped confirm the types of
seismicity that are associated with shallow outgassing processes,
with seismic energy < 0.2 HZ most clearly correlated with the
outgassing signature (Figure 6).

A record of SO2 emissions separated into spattering and non-
spattering lava lake conditions is presented in Figure 6, and
shows that on an annual basis, non-spattering lava lake phases
correspond to SO2 emission rates that are on average 20–50% of
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FIGURE 5 | (A) SO2 10-s (black dots) and daily (red circles) average emission rate time series from Kı̄lauea Volcano summit array measurements 2014–2017. Daily
means are reported for days with at least 2 h of data. For display purposes, infrequent values (<0.5% of data) above 40000 t/d are not shown. (B) Average SO2

release over a month (black square) was calculated using all valid 10-s values during the period. East Rift Zone average monthly SO2 (blue triangles) were measured
by vehicle traverse of Chain of Craters Road downwind of the Pu‘u ‘Ō‘ō vent (Figure 2). (C) Frequency distribution of summit array 10-s emission rate values show
that 99% of the values are less than 200 kg/s (∼17,000 t/d), with emission rates most commonly between 20 and 60 kg/s.

those during spattering phases. This is consistent with findings of
Patrick et al. (2016a,b). While the gas release during spattering
phases was similar for 2014–2017, SO2 emissions associated
with non-spattering intervals began to decrease in 2015, with
a marked decrease in the occurrence of non-spattering events
in 2016 (Patrick et al., 2018). This suggests changes in the
permeability in the upper portions of the lava lake, possibly due to
changes in circulation patterns, magma reservoir pressure, and/or
magma supply rates. Oppenheimer et al. (2018) showed that the
spattering regime releases larger gas bubbles, which may support
the observation of more efficient decoupling of gas from the lake
during spattering activity.

VALIDATION OF ARRAY EMISSION
RATES USING OTHER MEASUREMENT
STRATEGIES

Kı̄lauea has a long history of emission rate measurements
(Elias et al., 1998; Elias and Sutton, 2002, 2007, 2012) and the

spectrometer array represents the latest technological upgrade.
Based on careful analysis of sources of error and comparison
with other methods discussed in this paper, we consider emission
rates recorded by the array as our best SO2 estimates for 2014–
2017. However, since the array represents a new methodology for
measuring emission rates at Kı̄lauea, the next section presents
results of several experiments aimed at validation of this new
technique.

Comparison of Array Emission Rates
With Helicopter Traverses
We attempted to validate the array-based emission rates by
traversing the plume using an upward looking DOAS mounted
on a helicopter above the array, and ∼3 km further downwind.
A range of plausible emission rates were calculated using the
spectral retrieval methods as described in section “The Impact
of Fit Window,” and the mobile DOAS reduction software.
The array calculated plume speed was not available during the
period of the helicopter traverses, therefore the wind speed
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FIGURE 6 | (A) SO2 emission rates (green) and relative seismic amplitude (RSAM, frequency > 0.2 Hz, black) during a transition between spattering and
non-spattering lava lake conditions (marked by dashed lines) at Kı̄lauea Overlook vent on 9/9/2016. (B) Daily average SO2 emissions for lava lake spattering (red)
and non-spattering (green) periods lasting > 1 h for 2014–2017. Non-spattering episodes are defined by RSAM level <100 counts. Annual mean and standard
deviation are shown by black symbols for spattering (square) and non-spattering (circle) episodes. The sparser data at the beginning of each year reflects the
seasonal nature of the trade winds. A lack of trade winds during the winter months results in fewer measurable plume configurations.

from the 3 m agl SDH anemometer (location in Figure 2) was
used. The traverse and array data were scaled up using the
correction factor detailed in section “Long-Term SO2 Output.”
A meteorological station located ∼5.5 km downwind of the
vent (PKE) measures wind vector at 3 m agl (analogous to the
SDH station) and showed that wind speeds near the location
of the more distal traverses were less than 10% different than
those measured by the SDH sensor near the location of the
array.

For this case study, the DOAS helicopter traverse emission
rates were higher, on average, than those reported by the array
(Figure 7 and Table 2). Figure 7A presents the SO2 column
amounts as measured by the helicopter traverse and reveals
that the plume maximum fell between adjacent sensors F7 and
F9 (odd numbered sensors are adjacent and span the east side
of the array), and thus caused the array to miss the plume
maximum and underestimate the total emission rate. The range
of helicopter values represent minimum and maximum emission
rates calculated using the 319–340 nm, SLFB, and DFW retrievals.

This experiment exposes a potential weakness in
characterizing an eruption plume using discrete sensors.
While the column amount retrievals themselves agree well with
other techniques, certain wind directions/plume positions will
result in an underestimation of the emission rate. Some of the
observed scatter in the array emission rates is likely due to this
issue. However, averaged over time, the data provide a reasonable
estimate of emission rates since prevailing trade winds generally
blow the plume to the more densely instrumented center of
the array. Helicopter measurements reduced using a retrieval
algorithm equivalent to the array algorithm, return emission
rates that significantly overlap the array 10-s values. The 2
techniques differ in measurement time-base, viewing geometry
of the instruments, and measured plume transect. The dynamic

nature of gas release and uncertainty in the maximum column
amount position contribute to general agreement between the
traverse and array data, rather than quantitative alignment.
A single helicopter traverse performed at the array location on
3/30/2017 yielded an emission rate within 24% of the coincident
array measurement.

Comparison of Array Emission Rates
With Road Traverses
Before the establishment of the spectrometer array, HVO mainly
relied on road-based FLYSPEC and DOAS traverses beneath the
summit plume to assess the SO2 emission rate (Elias et al., 1998;
Elias and Sutton, 2002, 2007, 2012). However, road traverses
conducted on Crater Rim Drive have been challenging to
interpret since 2008, with the onset of the current phase of activity
at Kı̄lauea’s summit. Two significant factors, discussed below, are
the retrieval of accurate column densities for the optically dense
plume, and the measurement of an accurate plume speed. While
the road-based data provide useful qualitative information on
SO2 outgassing, they provide only general guidance on the quality
of the array’s measurements.

Comparison of Different SO2 Retrievals for Road
Traverses
At Kı̄lauea, Crater Rim Drive is the most accessible road that
allows vehicle-based traverses to pass completely below the
summit plume during the prevailing trade wind conditions. Its
relative proximity to the location of the Overlook vent (<500
m) means that the overhead plume is more concentrated than
at the location of the array further downwind. The much higher
SO2 column densities and aerosol optical depths encountered
on the road greatly increase the impact of radiative transfer in
and around the plume. Therefore, conventional algorithms for
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FIGURE 7 | (A) SO2 column amounts during helicopter traverses measured with an upward-looking DOAS between 09:26 and 09:51 HST on 29 June 2017. The
tracks are 3∼ km downwind of the vent and the warmer colors (yellow, orange, red) indicate higher SO2 column amounts. Note that the plume center is located
between array stations F7 and F9, likely contributing to underestimated values by the array as compared to the helicopter traverse.Image ©2018 DigitalGlobe.
©2018 Google. (B) Time series of 10-s SO2 emission rates measured by the spectrometer array (black dots) between 09:00 and 10:00 HST on 29 June 2017. Red
bars indicate the range of plausible SO2 emission rates derived from upward-looking DOAS traverses on a helicopter at the location of the array (first five
measurements) and ∼3 km farther downwind (last 3 measurements) using the various spectral retrieval methods described in section “Calculating SO2 Column
Densities From UV-Spectral Data.” The plotted times for the 3 downwind measurements were adjusted to account for plume travel time.

retrieving SO2 column density may give inaccurate results (Kern
et al., 2012) and careful treatment of the complexities of light
scattering and attenuation is required.

TABLE 2 | Summary of average emission rates obtained from the array and by
DOAS helicopter traverses above the array and 3 km downwind of the array
between 09:29 and 09:53 Hawai‘i Standard Time (HST) on 29 June 2017.

Data source Average SO2 emission rate Standard Deviation

Spectrometer array 2925 t/d 1020 t/d

Heli-traverses (upper limit) 5246 t/d 1581 t/d

Heli-traverses (mean) 4890 t/d 1519 t/d

Heli-traverses (lower limit) 4531 t/d 1478 t/d

The three values reported for the DOAS helicopter traverses correspond to the
range of plausible emission rates resulting from the 319–340 nm, SLFB, and DFW
retrievals. The standard deviation is representative of the true variability of the
emission rate over time, not the errors associated with the measurements.

TABLE 3 | Summary of average emission rates obtained from the array and by
DOAS vehicle traverses on Crater Rim Drive between 11:05 and 11:52 HST on 30
March 2017.

Data source Average SO2 emission rate Standard Deviation

Spectrometer array 2721 t/d 1201 t/d

Road traverses (upper limit) 4695 t/d 3213 t/d

Road traverses (mean) 3754 t/d 2299 t/d

Road traverses (lower limit) 2813 t/d 1448 t/d

The three values reported for the DOAS traverses correspond to the range of
plausible emission rates resulting from the various spectral retrieval methods
discussed in the section “Comparison of Different SO2 Retrievals for Road
Traverses,” with the minimum and maximum values retrieved using the 319–340 nm
fit window and SRT DOAS, respectively. The standard deviation is representative of
the true variability of the emission rate over time, not the errors associated with the
measurements.

To obtain an estimate of the uncertainty we may expect
in SO2 column density measurements from Crater Rim Drive,
we examined results of ten upward-looking Mobile DOAS
traverses on 30 March 2017 using a variety of spectral analysis
methods. In addition to applying all the DOAS retrievals used for
comparison of the DFW technique at the location of the array
(see section “The Impact of Fit Window” and Figure 3), we also
analyzed the traverse data in the very extended wavelength fit
window at 360–390 nm, as first suggested by Bobrowski et al.
(2010) since SO2 column densities greater than 2,500 ppmm are
frequently encountered (see section “Long UV Wavelength SO2
Fit Window”).

We also implemented a DFW retrieval analogous to that used
to analyze the FLYSPEC array and applied this to the mobile
DOAS spectra. Figure 8 shows how the results from various
DOAS retrievals compare to those of the DFW method applied to
the mobile DOAS data. Note that this plot encompasses column
densities of up to 25,000 ppmm, a factor of 5 higher than the
column densities measured at the location of the array. The road
traverse column density comparison mirrors the general trend of
the array column density comparison (section “The Impact of Fit
Window”).

As expected, the conventional DOAS analysis in the 310–
325 nm wavelength range returns significantly lower SO2 column
densities than all other methods once column amounts exceed
around 1000 ppmm. The very strong absorption of SO2 in
this wavelength range causes complex radiative transfer effects
at higher column amounts (Kern et al., 2012), that are not
well captured by this simple approach. Therefore, this retrieval
method is not considered further in our comparison.

The 319–340 nm window, SLFB, and DFW all return similar
results, though for very low column amounts the signal-to-noise
of the 319–340 nm retrieval is inferior to that of the other two
approaches. For column densities above 2,500 ppmm, the DOAS
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FIGURE 8 | SO2 column densities obtained from ten road traverse
measurements on Crater Rim Drive on 03 March 2017 between 10:50 and
11:55 HST. Column densities were evaluated with 6 different retrieval
methods. In this plot, all column densities are plotted against the results
obtained using a Dual Fit Window (DFW) approach that is equivalent to the
spectral analysis procedure used to evaluate FLYSPEC mobile or upward
looking array data.

fit in the 360–390 nm wavelength region returns slightly higher
(about 20%) SO2 columns than the DFW method, with more
observed scatter.

Finally, the more complex SRT method returns a range of
SO2 column densities (gray shaded region) that overlaps with the
DFW results up to about 5,000 ppmm, but then returns column
densities that are up to a factor of 2 higher. The horizontal spread
in the SRT data apparent in the plot is caused by variability in
the retrieved plume aerosol optical depth (AOD). In the SRT
retrieval, an estimate of the AOD is derived together with the
SO2 column density (Kern et al., 2012). In this case, however,
the retrieval returned a relatively large uncertainty for the AOD,
which causes a relatively large uncertainty for the SO2 column
density (hence the wide range of reported values in the gray
area). In the vertical direction, the discrete values for SO2 column
density (i.e., horizontal lines) are artifacts that stem from the
limited resolution of the SRT lookup table.

It is challenging to ascertain which of the applied retrievals
generally yields the most accurate results overall, since each
has advantages and disadvantages. The 319–340 nm, SLFB and
DFW methods are all similar in that they include areas of
the spectrum where the SO2 absorption is weaker than in the
standard DOAS 310–325 nm window. In this manner, they avoid
issues related to non-linear instrument sensitivity caused by
strong SO2 absorption, but they do not account for potential
changes of the effective light path in and around the volcanic
plume due to scattering on aerosols, which as noted, can be
significant. The SRT-DOAS retrieval does account for complex
radiative transfer, but it relies on the accuracy of assumptions

used to generate precomputed lookup tables which are then
compared to the measurement spectra (see Table 1). For a
limited case study such as presented here, these assumptions
should be quite good, but short-term variability in atmospheric
and plume conditions may still compromise the results. While
SRT-DOAS provides insight into the potential magnitude of the
errors, it is much more difficult to use this technique for routine
monitoring.

Regardless of which method is most accurate in this scenario,
the comparison shows that there is a much larger uncertainty
associated with the column density retrieval for the large SO2
abundances encountered on Crater Rim Drive than for the more
dilute plume at the location of the array, 3 km downwind
(compare Figure 3). For the traverse case study, the retrieved
column amounts from the various analysis methods range
between about −30 to +100% of the DFW results as compared
to −6 to +22% of the DFW results derived at the location of the
array.

Comparison of Plume Speed Measurements for
Analyzing Road Traverses
As discussed in section “Determining Plume Speed,” plume
speed is a direct multiplier for deriving emission rate, and
traditionally represents the largest overall uncertainty in SO2 flux
measurements. HVO has several sources available for measuring
plume speed in proximity to the Overlook vent. Plume speed
can be taken from SO2 camera imagery, or the wind speed
recorded by a ground-based anemometer can be used (section
“Anemometers”).

To examine the uncertainty of our plume speed assumptions
for the traverse measurements, we compared wind data from
3 days on which we have anemometer data, SO2 camera images,
and coincident traverse measurements on Crater Rim Drive. On
all 3 days, the traverse measurements were used to determine
the wind direction, which then feeds into the determination of
plume speed from the SO2 camera imagery. The wind speed
comparisons for the individual days are shown in Figures 9A–
C.

On all 3 days, the average wind speeds obtained from the
OBS and NPT anemometers were within 12% of one another,
while the SO2 camera plume speed was systematically higher.
The camera plume speeds also appear to be more variable than
those reported by the anemometers; however, this is an artifact
of different averaging methods for the anemometers (internal
averaging over the 10–15-min interval) and the camera (discrete
10-s measurements averaged over the period of a single 3–5-min
traverse.

The absolute difference between SO2 camera plume speed and
anemometer wind speed appears to grow with increasing wind
speeds. This is consistent with the expected vertical wind profile
for plume speeds measured by the camera at 50–200 m agl. This
discrepancy is expected to increase for larger wind speeds, and
a power law is often used to describe the increasing horizontal
mean wind speeds with altitude (also see section “Determining
Plume Speed”). A reasonable agreement can be achieved between
the anemometer and SO2 camera plume speeds by correcting the
anemometer wind data, as is shown in Figure 10.
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FIGURE 9 | (A–C) Comparison of wind speeds derived from SO2 camera with wind speeds from meteorological stations OBS (10 m agl on rim of caldera) and NPT
(3 m agl on floor of caldera; Figure 2) on three different days. Anemometer wind speeds are averaged over the intervals at which they are plotted. The SO2 camera
wind speed was derived and plotted at times only coincident with DOAS vehicle traverse measurements performed on Crater Rim Drive.

FIGURE 10 | Comparison of wind speeds derived from the SO2 camera
(horizontal axis) with wind speeds from anemometers at HVO and NPT. Data
are from March 24, 2014, April 21, 2014, and March 30, 2017. Anemometer
data is interpolated to timing of SO2 camera measurements. The wind speed
calculated with SO2 camera data plot systematically higher than the
anemometer data, with differences increasing for larger wind speeds.
Applying a power law correction to the NPT data (red circles) brings them into
the same range as the camera wind speeds.

Such a correction is extremely sensitive to the chosen model
parameters (in this case the exponent), which depends on the
surface roughness, a complex parameter and one that is especially
difficult to estimate for the anemometer perched on the rim
of the caldera. Applying a power law correction of the form
v(z) = v(3m) ∗(z/3m)ˆα with z = 100m and α = 0.13 to the 3 m agl
NPT wind speeds, brings them into the same range as the camera
plume speeds, which were generally derived for a plume about
100 m above ground level. The α used here lies between values
that characterize conditions over open water (0.11) and open land
surfaces (0.143).

We also note that none of the measurement techniques,
including the SO2 camera, measure plume speed at the exact

location of Crater Rim Drive where the traverse measurements
are made. Prior to 2008, gas emissions were characterized
by a low ground-hugging plume which was predominantly
influenced by wind speed. However, since the onset of
the summit eruption, the plume buoyancy, rise rate, and
horizontal speed are affected by both the local wind and
lava lake conditions, which are extremely dynamic (Patrick
et al., 2018). Therefore, it is not straightforward to correct
the anemometer data to obtain accurate plume speeds for
use in calculating emission rates from the road traverses.
Instead, we interpret the discrepancy between our various
methods of plume speed determination as an indicator of
our measurement uncertainty. Based on the results obtained
in the 3-day case study shown here, we expect that our
wind measurements are within 30–40% of the true plume
speed.

Comparison of Road Traverse and Array Emission
Rates
We have shown that errors associated with obtaining accurate
column densities and plume speed contribute to significant
uncertainties in measuring SO2 emission rates by vehicle traverse
on Crater Rim Drive under 2014–2017 degassing conditions.
Here, we present examples of coincident traverse and array
measurements to characterize the range of values that can arise
with the noted uncertainties.

Figure 11 shows the time series of SO2 emission rates
obtained from the spectrometer array (black dots) and by
coincident mobile DOAS traverses (red bars) on Crater Rim
Drive on March 30, 2017. The red bars indicate the range of
values calculated for the DOAS traverses from the various SO2
spectral retrieval methods discussed in section “Comparison
of Different SO2 Retrievals for Road Traverses.” The traverse
measurements are shifted by +7 min to account for the time
it took the plume to travel the 2.5 km from Crater Rim
Drive to the array. The array values were calculated using the
cross-correlation method for determining plume speed, and the
traverses were analyzed assuming a plume speed of 4.4 m/s.
This corresponds to the average wind speed measured by the
OBS anemometer during the measurement interval, and based
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on the case study for this day, is assumed to be accurate
within about 30–40%. The OBS station (Figure 2) wind speed
value has historically been used to calculate road-based emission
rates.

On the day presented here, the DOAS traverse and array
emission rates agree broadly, with some notable outliers, which
may be related to plume heterogeneities. As the plume emitted
from the Overlook vent drifts downwind, it is mixed with
background air by turbulent diffusion. This process reduces
spatial gradients in SO2 concentration. Road traverses might pass
directly under clouds of concentrated volcanic gas, then pass
between such clouds in the next measurement. By the time the
plume reaches the array, concentrated gas clouds are diluted, and
gaps between such features have been at least partially filled in by
gas from surrounding clouds. Therefore, the array will measure a
more homogeneous plume. Road traverse results that are higher
than array results may also be due to plume maxima falling
between array sensors, yielding underestimation of emission rates
by the array (see section “Errors Due to Location of Plume SO2
Maximum Between Array Sensors”).

The road traverse results on this day show atypical agreement
with the array data (Figure 11 and Table 3). In general, the
long-term road data record underestimates the emissions as
compared to the array – on average, by about 60%. We attribute
this to a combination of underestimated plume speeds and
underreporting of column amounts due to radiative transfer
issues. There may be a maximum threshold for the column
amounts measured close to the vent, and thus, consistent under-
reporting of emission rates calculated for Crater Rim Drive road
traverses.

Figure 12 presents a general comparison of FLYSPEC array
and road traverse daily average emission rates from 2014 to 2017
separated into spattering and non-spattering lava lake conditions.
A non-spattering lake condition is defined by relative seismic
amplitude (RSAM) < 100 counts (see section “SO2 Short-Term
Variability Reflects Lava Lake Dynamics”). The traverse data
were collected and analyzed using a mobile FLYSPEC and DFW
algorithm, or mobile DOAS and extended fit-window (319–
340 nm); each traverse took 3–5 min to collect. These data show
that on average, the road-based method returns emission rates
that are about 60% less than those calculated from the FLYSPEC
array for both the spattering and non-pattering cases. While the
non-spattering lava lake condition produces a more translucent
and gas-poor plume (Patrick et al., 2018), and errors due to
radiative transfer effects should have less impact on calculated
column densities, the data for both lava lake conditions are not
significantly different. Maximum column densities for the non-
spattering condition are still greater than 2500 ppmm, so the less
opaque plume associated with more quiescent lake conditions
can still cause significant errors in retrieved column amounts
due to scattering effects. Although on average the road traverse
data significantly underestimates emission rates as compared to
the FLYSPEC array, as shown in the specific examples in this
study, cases of parity, and even traverse values greater than array
values do occur. This supports the general observation that the
multiple uncertainties impacting the summit road-based data set
are difficult to resolve.

Comparison of Array Emission Rates
With Space-Based SO2 Measurements
The array emission rates agree well with OMI space based SO2
measurements. For 2014–2017, Kı̄lauea released an average of
5100 t/d, or 1.9± 0.1 Tg/yr according to array DFW results. This
is consistent with Carn et al. (2017) who calculate a daily average
of 5518 t/d for Kı̄lauea for the same period (Carn, 2018, pers.
comm., 1 october).

CONCLUSION AND FUTURE WORK

Long-lasting eruptions at the summit and East Rift Zone of
Kı̄lauea Volcano have provided a testing ground for novel
gas measurement techniques. Traditional SO2 UV spectroscopy
measurements via road traverses, performed 10 km downwind
of the East Rift Zone eruption accurately measure the generally
low emissions from this area. However, the dense volcanic plume
produced by the summit lava lake was challenging to quantify
using traditional traverse or scanning measurements. Summit
emissions during the reported period were best measured using
an array of 10 upward looking UV spectrometers (FLYSPECs)
spanning the width of the plume ∼3 km downwind of the
vent. The FLYSPEC array provides 10-s SO2 emission rate data
during daylight hours and prevailing trade wind conditions. To
validate these novel measurements, we examined both column
density values and calculated emission rates from the array. For
column densities, we compared a variety of retrieval techniques
with the array’s dual fit window (305–315 and 319.5–330 nm)
approach. Comparing fits from (1) conventional DOAS 310–
325 nm window, (2) 319–340 nm extended wavelength window,
(3) 307–340 nm sliding lower bound (SLFB) window, and (4)
Simulated Radiative Transfer DOAS treatment, we found the
various methods returned column densities from−6 to+22% of
the array values. We consider these results to confirm the validity
of the FLYSPEC dual fit window treatment.

To confirm the emission rate values, we investigated the wind
and plume speed measurements used to calculate emission rates.
We found 3 m agl wind speeds adjacent to the array to be 22%
less on average than plume speeds measured with 2 spectrometers
located along the plume axis. Thus, the SO2 summit emission
rates calculated using the ground-based wind speeds have been
adjusted to account for this discrepancy.

Comparing array measurements with helicopter-traverses
performed 3 and 6 km downwind of the vent show broad
agreement with coincident array measurements with some
notable outliers. Helicopter traverse measurements analyzed
using a comparable fit window were within +24 and +55%
of the array measurements. This discrepancy reflects the
underestimation by the array due to the plume maxima being
positioned between sensors, as well as the dynamic nature of the
plume, differences in time base, viewing angle, and uncertainty of
the wind speed for the downwind plume.

Our 1-day detailed case study comparing emission rates
from the FLYSPEC array and road traverses shows reasonable
agreement (Figure 11). However, the accuracy of the road-
based measurements is severely limited by the large discrepancy
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FIGURE 11 | Comparison of SO2 emission rates from the FLYSPEC array (black dots) and the road- traverses (red bars) on March 30, 2017. The red bars indicate
the range of values obtained from the various analysis methods described in section “Comparison of Different SO2 Retrievals for Road Traverses.” A constant wind
speed of 4.4 m/s was assumed in analyzing the traverse data, which corresponds to the average wind speed measured by the OBS anemometer during the
measurement period.

FIGURE 12 | Emission rates from FLYSPEC array (black dots) and road traverses (red circles) separated into spattering (Left) and non-spattering (Right) lava lake
conditions. On average, the road-based method returns emission rates that are about 60% less than those calculated from the FLYSPEC array for both lava lake
conditions. Non-spattering episodes are defined by RSAM level < 100 counts.

found between results from different spectral retrieval methods
(−30 to +100%, Figure 8). Looking at a longer time series
comparison of emission rates shows that the road traverse
results differ from the array emission rate values, on average,
by a factor of ∼2.5 when using similar retrieval methods for
both analyses. The multiple errors for the road-traverse data
due to radiative transfer, plume geometry, and wind speed
uncertainties create challenging measurement conditions which
are difficult to address. The use of SRT-DOAS retrievals can help
address the radiative transfer effects for the road data, but the
dynamic nature and variable geometry of the plume as well as
varying meteorological conditions during the 2014–2017 period
creates challenges in the practical application of SRT-DOAS.
We surmise that the accuracy of the road-data is insufficient to
quantitatively validate the array emission rates for the period in
question.

Agreement between SO2 emissions measured from space by
OMI and the FLYSPEC array for 2014–2017 are exceptionally
good. Daily SO2 values for the two datasets are 5518 t/d and
5100 t/d, respectively. The discrepancy of < 10% between the
techniques suggests that space-based emission rates calculated
using the new OMI planetary boundary layer SO2 column dataset
is a good option for tracking emission rates during periods of
vigorous outgassing at Kı̄lauea.

Technical issues contribute to uncertainties in the array SO2
measurements which could be considered for the future. These
include improvements in plume speed calculation, calibration
spectra, computer time synchronization, real-time emission rate
filters, and spatial resolution of plume features as discussed below.

Plume speed: plume speeds are generated every 1.5 min, or
ground based wind speed reported every 10 min, while 1-s
column densities are used to calculate 10 s emission rates. The
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short-term variability in plume motion may not be captured
by this treatment. Calibration spectra: we show that column
densities retrieved with the array DFW are consistent with
conventional and novel fit window comparisons; however, the
reference and cell calibration spectra used for these fits could
more accurately represent the conditions during sample spectra
collection. Since the array is generally in the volcanic plume,
there are limited opportunities to collect new calibration spectra
for use in analyzing sample spectra. Exploring the use of
synthetic reference spectra or use of the conventional modeled
DOAS approach could be considered. Time synchronization:
accurate and reliable emission rates, and importantly, plume
speed calculations, depend on the synchronization of the 10
computer clocks. A robust algorithm for in situ clock checks
is critical for accurate emission rate calculations. Emission rate
filters: with the large number of instruments and high rate of
data collection, spurious data points can occur due to time of
day/sun angle and spectrometer inconsistencies. More refined
real-time data could be achieved through improved emission rate
filtering algorithms. Plume features: spatial resolution could be
improved by incorporating scanning spectrometers with ≤ 45◦
scan angle. While this would provide more plume structure
detail and could help avoid missing major plume features passing
between stations, it would significantly increase the complexity
and cost of the system.

The FLYSPEC array approach may be useful for other
volcano observatories requiring high time resolution emission
rate measurements. Advantages of the approach include
straightforward measurements due to the simple upward
looking geometry. The system is particularly useful in locations
with a prevailing plume direction coupled with low altitude,
inaccessible, or optically dense plumes. Depending on plume
column densities, the array can be located at a distance
downwind to minimize errors due to light scattering but
provide sufficient signal for accurate retrievals. The dual
window approach allows flexibility in retrieving variable
column amounts accurately and thus can accommodate
changes in eruptive activity and outgassing vigor. Disadvantages
include the expense and challenge of maintaining multiple

field spectrometer systems, the need for robust telemetry,
and reduced spatial resolution as compared to scanning
systems.
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